Computational chemistry predicts that atomic motions on the femtosecond timescale are coupled to transition-state formation (barrier-crossing) in human purine nucleoside phosphorylase (PNP). The prediction is experimentally supported by slowed catalytic site chemistry in isotopically labeled PNP ( 13 C, 15 N, and 2 H). However, other explanations are possible, including altered volume or bond polarization from carbon-deuterium bonds or propagation of the femtosecond bond motions into slower (nanoseconds to milliseconds) motions of the larger protein architecture to alter catalytic site chemistry. We address these possibilities by analysis of chemistry rates in isotope-specific labeled PNPs. Catalytic site chemistry was slowed for both [ H]His 8 -PNP had reduced catalytic site chemistry larger than proportional to the enzymatic mass difference. Altered barrier crossing when only His are heavy supports local catalytic site femtosecond perturbations coupled to transitionstate formation. Isotope-specific and amino acid specific labels extend the use of heavy enzyme methods to distinguish global from local isotope effects.
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heavy enzymes | transition state coupling | femtosecond dynamics | pre-steady-state chemistry | Born-Oppenheimer enzymes P rotein and atomic motions required for enzymatic catalysis involve a broad range of timescales from the millisecond to the femtosecond. Slower (millisecond) motions are involved in conformational changes that occur during substrate binding and product release (1) (2) (3) (4) , whereas femtosecond motions (promoting vibrations) are proposed by computational studies to be involved in the chemical step of transition-state formation (covalent bond changes) (5) (6) (7) (8) . The role of fast (femtosecond) enzyme dynamics in the catalytic cycle has remained elusive and controversial due to the experimental challenge of probing femtosecond motions in enzymes. Previous studies from our laboratory and others have reported that isotopic substitution to create heavy enzymes ( 13 C, 15 N, and 2 H) often slows catalytic site chemistry and, in some cases, alters rate constants for nonchemical steps (9) (10) (11) (12) . Reduced catalytic site barrier-crossing (the chemical step) in isotopically labeled enzymes supports coupling of local femtosecond motion to transition-state formation and, in some cases, interaction with slower modes (10, 11) .
In early heavy-enzyme studies, Silva et al. (9) uniformly labeled the amino acid residues of human purine nucleoside phosphorylase (PNP) with 13 C, 15 N, and nonexchangeable 2 H in an attempt to perturb local bond vibrational modes without altering the electrostatics of the enzyme (the Born-Oppenheimer approximation) (13) . Heavy PNP demonstrated unchanged steady-state kinetic parameters, kinetic isotope effects, and transition state structure, but the chemical rate was decreased. Transition path sampling with heavy and light PNPs studied reactive trajectories and predicted that femtosecond vibrational motions are less coupled in the heavy enzyme (14) .
PNP (EC 2.4.2.1) catalyzes the reversible phosphorolysis of 6-oxypurine (and 2′-deoxy)-β-D-ribonucleosides to yield (2-deoxy)-α-D-ribose 1-phosphate and the purine base (15) (Fig. 1) . Isotopically labeled PNP expressed from 13 C and 15 N precursors in D 2 O solvent is 9.9% heavier than natural abundance PNP and shows a heavy enzyme kinetic isotope effect (KIE) of 1.36 (k chem light/k chem heavy) (9) . Reduced catalytic site chemistry in heavy PNP was interpreted as slowed femtosecond atomic vibrational modes giving less-efficient coupling to transition-state formation (9, 15) (Fig. 2) .
Outstanding questions not yet resolved for heavy enzyme studies include the following: (i) Is the decrease in catalytic site rate a result of mass-dependent bond frequency changes or an effect of altered bond character from carbon-deuterium bonds replacing carbon-hydrogen bonds? and (ii) Is catalytic site rate reduction a global effect produced by the uniformly labeled enzyme or is it local, a result of altered bond frequencies between active site residues interacting with reactants?
Here we generate three partially labeled PNP enzymes to answer these questions. We made [ 13 Single-turnover rate constants were measured for light and labeled PNPs in the phosphorolysis of guanosine. Purine nucleoside phosphorylase was in molar excess relative to guanosine to give pseudo first-order rate constants, independent of enzyme concentration. The heavy enzyme KIE values were based on the ffiffiffiffiffi ffi κ = μ q where ν, κ , and μ are frequency, force constant, and reduced mass, respectively. The vibrational energy levels are also altered by mass according to
, where E, n, and h are energy, quantum number and Planks constant, respectively. The shorter arrows shown for heavy PNP illustrate the altered vibrational frequency. Green arrows promote barrier-crossing, and red arrows are orthogonal to the reaction coordinate. Heavy PNP has a reduced probability of reaching (and crossing) the transition state. Mass-related coupling to barrier crossing is manifested in the experimentally observed decrease in rate of catalytic site chemistry. The diagram is modified from ref. Table 1 ). Mass-independent steady-state kinetics confirmed previous reports for heavy PNP (9), and was also anticipated from the rate-limiting product release in the PNP catalytic mechanism. Protein conformational changes involved in substrate binding and release known from crystallographic analysis and their rates have been measured by temperature jump studies (16) (17) (18) . Steady-state kinetic constants in PNP are governed by the slow protein conformational changes, and are unaffected by altered protein mass. Mass-dependent vibrational modes from PNP heavy enzymes are not propagated into the substrate binding or product release modes, because any such changes would be reflected in the steady-state kinetic analysis. (9) . Although attributed to altered bond frequency in the enzyme-reactant complex to slow barrier-crossing, enzyme isotope effects with deuterium labeling have been questioned because of the possibility that physical differences between carbon-hydrogen and carbon-deuterium may alter protein architecture (11, 19) . We tested that hypothesis by separating the deuterium effects from the heavy-atom N]PNP. We conclude that PNP heavy-enzyme chemistry rate reductions are proportional to the difference in mass. The results support mass-dependent coupling of enzymatic bond vibrations to catalytic site barrier-crossing with no effects on the slow conformational dynamics that govern steady-state kinetics in PNP. However, these fully labeled enzyme results do not resolve local catalytic site effects from more global protein motion effects where the mass perturbation might be coupled into slower global dynamics to influence the barrier crossing.
Distinguishing Local Mass Effects from Global Effects. The catalytic site of PNP holds phosphate and guanosine in favorable geometry for the migration of the ribosyl anomeric carbon toward the activated phosphate (20, 21) . Three His are involved in direct contact to the reactants (Fig. 3) . His64 and His86 are in contact to the phosphate nucleophile, and His257 directs the 5′-hydroxyl group in position to assist in formation of the ribocation transition state (20) . Heavy-enzyme effects might arise from global changes in the protein dynamic architecture or from direct femtosecond bond contacts between residues of the catalytic site and the reactants. We hypothesize that the change in local catalytic site bond frequency is responsible for catalytic site barrier-crossing in the chemical step (9) . In addition to the three His located in the active site, the remaining five His residues are located in the periphery of the enzyme with Cα distances of 31.6 Å (His20), 30.2 Å (His23), 25.5 Å (His104), 15.1 Å (His135), and 24.2 Å (His230) from the anomeric carbon mimic of a transition state analog bound in the catalytic site (PDB ID code 3PHB). If local catalytic site dynamics are responsible for the mass-dependent chemistry, a significant effect should be expected in the His 8 -labeled PNP. However, these amino acids increase the enzymatic mass by only 0.19%. If mass effects are linked to global conformational effects over multiple timescales, the mass change induced by the His will be insignificant.
No significant change in k cat /K m was observed as a result of His labels (Table 1 and Fig. S3) . However, the chemistry rate decreased to give an enzyme KIE of 1.13 ± 0.03 (Fig. 4 and Table 2 ). The significant decrease in chemistry rate from altered His mass establishes a direct link between catalytic site dynamics and transition state barrier-crossing. Global mass effects from the His labels are negligible relative to any of the fully labeled constructs of PNP because the mass difference for [ 15 N, Atomic motion alters local internuclear distances between enzyme and reactants by as much as an angstrom on the femtosecond timescale. These stochastic motions occur in all nonconstrained coordinate dimensions. An example is provided by the motion of catalytic site atoms in PNP for the 250 fs, including transition-state formation and barrier-crossing (7). Stochastic femtosecond motions at the catalytic site continue until simultaneous optimization of all enzyme-reactant contacts removes the energetic barrier to catalysis. The probability of optimizing multiple geometric interactions simultaneously is small. For atomic motions occurring on the 10-fs timescale, the dynamic search process must occur over 10 9 times to achieve barrier crossing for PNP on the millisecond timescale. Substitution of heavy His at the active site alters the bond frequency motion and thus slows the search for the transition state. The change in chemistry rates is small because the mass difference alters the bond frequency by only a limited amount, in the same way that reactant secondary kinetic isotope effects are small. Nevertheless, the ability to observe significant changes provides support for coupling of local catalytic site bond vibrational modes to influence the probability of transition-state formation.
Electrostatic Considerations. Molecular electrostatics are unchanged by altered nuclear mass according to the Born-Oppenheimer approximation. However, the femtosecond change in internuclear distances creates a fluctuating change in the electrostatic field experienced by the reactants. When the femtosecond search optimizes the electrostatic field, the energetic barrier to the transition state diminishes to permit barrier-crossing. Isotopespecific and residue-specific isotope effects with PNP establish that local femtosecond motions of enzymes are probabilistically linked to transition-state formation. A local stochastic, fast dynamic sampling of the Michaelis complex geometries locates the rare conformations to optimize distances and lead to barrier-crossing.
Materials and Methods
Deuterium oxide (99.9%), [ Steady-State Kinetic Analysis. Steady-state kinetic parameters were determined by measuring initial reaction rates as a function of guanosine or inosine concentration at 25°C. The decrease in absorbance at 258 nm upon conversion of guanosine to guanine (Δe = −5,500 M
) (24) was monitored in a Cary 100 spectrophotometer (Varian). Guanosine phosphorolysis reactions contained 50 mM Tris·HCl (pH 7.4), 50 mM inorganic phosphate (Pi) pH 7.4, varying guanosine concentrations (10-160 μM), and 20 nM of light or heavy PNPs. Kinetic parameters were obtained by data fitting to Eq. 1, where ν is the initial velocity, V is the maximal velocity, S is the concentration of variable substrate, and K m is the Michaelis constant for the variable substrate.
Pre-Steady-State Kinetic Analysis. Single-turnover catalytic site rate constants were determined by monitoring the increase in fluorescence upon formation of enzyme-bound guanine (25) in an SX-20 stopped-flow spectrofluorometer (Applied Photophysics; dead time ≤1.25 ms) at 25°C. The excitation wavelength was 280 nm with slit width of 1 mm, and a fluorescence signal above 305 nm (with slit width of 1 mm) was selected using a WG305 Scott filter positioned between the photomultiplier and the sample cell. Fluorescence change was monitored for 250 ms, and 1,000 points were collected for each individual rate curve. Syringe 1 contained 50 mM Tris·HCl (pH 7.4), 50 mM Pi (pH 7.5), and either light or heavy PNP at 30 μM (15 μM postmixing concentration). Syringe 2 contained 50 mM Tris·HCl (pH 7.5), 50 mM Pi (pH 7.4), and 10 μM guanosine (5 μM postmixing concentration). 4 HCO 3 (Sigma) and 0.01% Protease Max (Promega) were reduced with 5 mM Tris(2-carboxyethyl)phosphine (Thermo Scientific) for 30 min at room temperature, followed by alkylation with 25 mM iodoacetamide (Sigma) for 30 min at room temperature, in the dark. The sample was digested with trypsin (Trypsin Gold; Promega) at a ratio of 1:100, 37°C, shaken for 3 h. An aliquot was diluted 50-fold with 2% (vol/vol) acetonitrile (Fisher) in 0.1% trifluoroacetic acid (Pierce) and analyzed by nanoUPLC-MS/MS. C18 reversed-phase nanoUPLC-MS/MS analysis was performed using a linear ion trap LTQ-XL mass spectrometer (ThermoFinnigan) connected to a Dionex rapid separation LC UPLC system (Thermo Scientific).
NanoUPLC-MS/MS
Data Analysis. The MS/MS raw data files were converted to a Mascot generic format file using Proteome Discoverer version 1.3. Protein database search was performed using the Mascot (version 2.4.1) search engine against taxonomy of all entries for Homo sapiens in the NCBInr database. The search parameters included two missed cleavages; peptide charge of +2 and +3; peptide tolerance of 2 Da; MS/MS tolerance of 0.6 Da; carbamidomethylation on Cys as a fixed modification and variable modifications: deamidation on Asn and Gln residues; oxidation on Met; and 15 
